Abstract The Atlantic salmon (Salmo salar) serum lectin (SSL) is a soluble C-type lectin that binds bacteria, including salmon pathogens. This lectin is a cysteine-rich oligomeric protein. Consequently, a Drosophila melanogaster expression system was evaluated for use in expressing SSL. A cDNA encoding SSL was cloned into a vector designed to express it as a fusion protein with a hexahistidine tag, under the control of the Drosophila methallothionein promoter. The resulting construct was stably transfected into Drosophila S2 cells. After CdCl 2 induction, transfected S2 cells secreted recombinant SSL into the cell culture medium. A cell line derived from stably transformed polyclonal cell populations expressing SSL was used for large-scale expression of SSL. Recombinant SSL was purified from the culture medium using a two-step purification scheme involving affinity binding to yeast cells and metal-affinity chromatography. Although yields of SSL were very low, correct folding and functionality of the recombinant SSL purified in this manner was demonstrated by its ability to bind to Aeromonas salmonicida. Therefore, Drosophila S2 cells may be an ideal system for the production of SSL if yields can be increased.
Introduction
Lectins are proteins that bind specifically to carbohydrates and C-type lectins are the most diverse group of animal lectins with respect to protein structure, location, and binding specificities. C-type lectins require Ca 2? for carbohydrate binding and for the structural maintenance of the C-type lectin-like domain (CTLD). This superfamily includes proteins that function as carbohydrate-binding modules in various molecular recognition events such as immunity, cellular recognition, and development (Kilpatrick 2002; Sharon and Lis 2004) .
Salmon serum lectin (SSL) is a soluble C-type lectin originally isolated from the serum of Atlantic salmon (Salmo salar) using mannose-affinity chromatography ). This lectin was found to bind salmon pathogens and to opsonise Aeromonas salmonicida (Ottinger et al. 1999 ). Analysis of SSL by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under reducing and non-reducing conditions revealed an oligomeric structure composed of 17 kDa subunits held together by disulfide bonds ). Molecular analysis of SSL transcripts uncovered four distinct cDNA sequences and a fifth cDNA sequence was predicted based on the genomic sequence (Richards et al. 2003) . SSL was classified as a long-form C-type lectin because its CTLD had an N-terminal extension containing two additional cysteines and there were no other associated domains. The cDNA sequences encode 173 amino acids each and show minor sequence microheterogeneity. The mature protein contains 8 cysteine residues. Protein sequence alignments between SSL and representative CTLDs revealed the presence of four highly conserved cysteines that typically form two disulfide bonds in all CTLDs and the presence of the N-terminal disulfide-bonded loop characteristic of the long-form CTLDs (Richards et al. 2003) . A computer-generated model of the SSL-2 isoform subunit showed the three expected intramolecular disulfides and suggested that the two remaining cysteines are moderately exposed to the solvent. Both of these exposed cysteines were found to contribute to oligomerization of SSL (Hudson et al. 2011 ).
Protein-ligand interaction studies and threedimensional structure determination require substantial amounts of pure, correctly folded and functional protein. Since SSL is encoded by a multigene-family, purification from Atlantic salmon serum is expected to result in a mixture of different lectin isoforms. Therefore, recombinant lectin expression would offer the possibility of producing milligram quantities of singleisoform SSL. However, SSL is a cystine-rich, oligomeric protein that has proven to be a challenging target for recombinant protein expression. Expression of soluble rSSL was achieved in Escherichia coli (Hudson et al. 2011 ), but the yield was very low and variable.
Eukaryotic expression systems have been effective for C-type lectins. Two studies achieved heterologous expression of type II antifreeze proteins that have C-type lectin folds and high sequence identity to SSL (Ewart et al. 1992; Ewart and Fletcher 1993; Richards et al. 2003) in Pichia pastoris (Li et al. 2001 ) and in Drosophila melanogaster S2 cells (Scotter et al. 2006) . Specifically, active sea raven (Hemitripterus americanus) antifreeze protein (srAFP) was expressed at 95 mg L -1 of medium from S2 cells (Scotter et al. 2006) . The reported success of the type II AFP expression in Drosophila cells prompted the investigation of this system as means to produce large amounts of pure functional SSL. Thus, the goals of the current study were to express rSSL in insect cells and to purify the protein from the cell medium.
Materials and methods

Construction of the plasmid pMT/Bip_SSL
The cDNA encoding SSL isoform 2 (GenBank Accession No. AY191314) was amplified by PCR using the sense primer SSL_BglII 5 0 -CGGGAGATCT ACAGGAGCTAAGG-3 0 and the antisense primer SSL_AgeI 5 0 -TGATGACCGGTGTTTTTCTGGATT TCACAG-3 0 . The primers were designed to introduce BglII and AgeI restriction sites (underlined), respectively. The amplicon was ligated into pCR4Blunt-TOPO (Invitrogen) to generate pCR4_SSL_Drosoph-ila construct. The pCR4_SSL_Drosophila vector was digested with BglII and AgeI and the 482-bp SSL cDNA fragment obtained was cloned between the same sites of pMT/Bip/V5-His A (Invitrogen), and confirmed by sequencing using MT_Forward 5 0 -CAT CTCAGTGCAACTAAA-3 0 and BGH_Reverse 5 0 -TAGAAGGCACAGTCGAGG-3 0 primers. The resulting expression vector, pMT/Bip_SSL, contains the sequences encoding the Drosophila N-terminal immunoglobulin-binding protein (BiP) signal sequence fused in-frame with SSL, and a C-terminal hexahistidine tag in tandem to produce an rSSL fusion protein.
Cell culture and transfection
Drosophila melanogaster S2 cells (Schneider 1972 ) (Invitrogen) were grown at 27°C in DES medium (Invitrogen) supplemented with 10 % heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich). The cells were split with supplemented medium at a ratio of 1:4 every 3-4 days. Transfection and stable cell line selection were performed as described (Scotter et al. 2006) . For transient expression of rSSL, the cells were transfected with 19 lg pMT/BiP_SSL and for the selection of stable cell lines S2 cells were co-transfected with 19 lg pMT/BiP_SSL and 1 lg blasticidin resistance plasmid pCopBlast (Invitrogen) using a calcium phosphate transfection kit (Invitrogen) according to the manufacturer's instructions.
Cell line selection
Stably transfected polyclonal cell populations were selected with blasticidin over a 4-week period, replacing the medium once per week by centrifuging the cells and resuspending them in an equal volume of fresh DES medium plus 10 % FBS and 16 lg mL -1 blasticidin (Invitrogen). To obtain clonal cell lines, the blasticidin-resistant cell population was diluted and mixed with non-transfected S2 cells at a cell density of 2.5 9 10 6 cells mL -1 to act as feeder cells, resulting in approximately 1-2 transfected cells per well. The cells were plated into 96-well tissue culture plates (Nunc) at 0.1 mL per well in FBS-enriched S2 medium containing 16 lg mL -1 blasticidin. At the end of the selection interval, wells containing growing clones were chosen and diluted twofold into parallel wells. One of the wells was induced with 500 lM CuSO 4 to analyze SSL expression. Cells were harvested 96 h post-induction and rSSL in the supernatant was detected by western blotting.
Protein expression in Drosophila S2 cells
Clones expressing SSL were scaled up to 5 mL cultures and adapted to Ex-Cell 420 Insect Serum Free Media (Sigma-Aldrich) for protein production in the absence of serum. To characterize the optimal induction conditions, stably expressing S2 cells grown in serum free medium were induced with 3-100 lM CdCl 2 or with 250-2,000 lM CoSO 4 . For large-scale protein expression, the cultures were scaled up through intermediate stages in spinner flasks for growth in 2.8 L Fernbach shaker flasks (800 mL per flask) at a constant temperature of 27°C and 80 rpm in an INNOVA 4000 shaker incubator. Stably expressing S2 cells were seeded at a cell density of 5 9 10 6 cells mL -1 and induced with 3 lM CdCl 2 . The supernatant was harvested by centrifugation (2,000g, 10 min, RT) after 4 days of incubation during which a cell density of 4 9 10 7 cells mL -1
was obtained. The cells were resuspended in an equal volume of fresh medium for a second round of induction. The supernatant was cleared with a second centrifugation (12,000g for 20 min, 4°C), and sodium azide and PMSF were each added to 1 mM final concentration. The supernatant was stored at -20°C until use.
Purification of rSSL from insect cell medium
To the supernatant, 10 mM Tris-HCl pH 7.4, 10 mM CaCl 2 , 150 mM NaCl, 1 mM PMSF, and 1 lg mL -1 each pepstatin and leupeptin were added. The rSSL was purified from the supernatant by affinity binding to killed yeast (Saccharomyces cerevisiae) cells according to a published protocol (Tsutsui et al. 2007 ) with modifications. Briefly, 800 mL of supernatant containing rSSL was incubated for 1.5 h at 75 rpm at 16°C with 10 mg of dried baker's yeast (Fleischmann's) cell pellet washed in TCS (10 mM Tris-HCl, 150 mM NaCl, 10 mM CaCl 2 , pH 7.5) buffer. The yeast cells were harvested by centrifugation at 14,000g for 12 min and washed twice in TCS buffer. Unbound medium was submitted to a second round of affinity binding to yeast cells to increase the yield of captured protein. Captured rSSL was eluted in 100 mL TBS plus mannose (10 mM Tris-HCl, 150 mM NaCl, 200 mM D-(?)-mannose, pH 7.4) and concentrated using a 3,000 Da MWCO centrifugal device (Amicon). Concentrated rSSL was further purified by immobilized metal affinity chromatography (IMAC) using Ni 2? -nitrilotriacetate (Ni-NTA) resin (Qiagen). The recombinant lectin solution was incubated with 2 mL of resin equilibrated in binding buffer (10 mM TrisHCl, 300 mM NaCl, 10 mM imidazole, pH 7.5) on an inversion shaker for 24 h at 4°C. The mixture was poured into an Econopac column (Bio-Rad) and unbound proteins were washed from the resin using the binding buffer. Weakly binding contaminating proteins were removed by increasing the imidazole concentration to 100 mM. The rSSL was eluted using a gradient of 200-500 mM imidazole. Fractions containing rSSL were pooled, concentrated as described above, and dialyzed into TCS buffer. Unbound insect cell medium and washes were concentrated tenfold by trichloroacetic acid (TCA) precipitation. The collected samples were analyzed by SDS-PAGE and western blotting.
SDS-PAGE and western blot analysis
Proteins were resolved by reducing SDS-PAGE (Laemmli 1970 ) on 15 % polyacrylamide gels. For Cytotechnology (2013) 65:513-521 515 detection of proteins in gels, Coomassie blue and silver staining was used. For western blotting, proteins were transferred to polyvinylidine difluoride (PVDF) membranes (GE Life Sciences) using standard methods (Towbin et al. 1979) . After blocking for 1 h in TBS-T buffer (10 mM Tris-HCl, 150 mM NaCl, 0.5 % Tween-20, pH 7.5) with 5 % non-fat milk, the membrane was incubated with rabbit antiserum to SSL (anti-SSL) produced as previously described (E. Uribe et al., manuscript submitted) at a dilution of 1:3,000 in blocking buffer. Membranes were washed three times in TBS-T and probed with goat anti-rabbit antibody horseradish-peroxidase conjugate (1:6,000 v/v) (Sigma-Aldrich). For detection of the C-terminal hexahistidine tag (His 6 -tag) in recombinant SSL, the blots were incubated in a 1:2,000 dilution of the tetraHis antibody (Qiagen) in blocking buffer [phosphatebuffered saline (PBS), 0.05 % Tween, 5 % non-fat milk]. Three washing steps were done with PBS ? 0.05 % Tween, followed by treatment with horseradish-peroxidase-conjugated anti-mouse antibody (Sigma-Aldrich) at a dilution of 1:3,000. The luminescent signal emitted by the enhanced chemiluminescence substrate (Plus-ECL, PerkinElmer) was detected with X-ray film. Standards used to estimate rSSL concentration in western blot analyses were 30-500 ng pure native SSL (E. Uribe et al., manuscript submitted) and 30-500 ng pure rSSL from E. coli (Hudson et al. 2011 ).
Oligomerization analysis
Two hundred mL of supernatant containing rSSL was concentrated by ultrafiltration to 15 mL using a 3,000 Da MWCO centrifugal device (Amicon). The concentrated supernatant was buffer exchanged into 10 mM Tris-HCl, 300 mM NaCl, 10 mM imidazole, pH 7.5 and purified by batch nickel affinity chromatography. The eluted rSSL was dialyzed into distilled and deionised water (ddH 2 O) and dried in a Speed-Vac (Eppendorf). The dried sample was dissolved in 30 lL ddH 2 O and the oligomeric organization of rSSL was analyzed by non-reducing SDS-PAGE on a 12.5 % polyacrylamide gel (NEXT GEL, Amresco) followed by western blotting on a PVDF membrane. Recombinant SSL expressed in E. coli as previously described (Hudson et al. 2011) was analyzed under the same conditions.
Bacterial binding assay
Aeromonas salmonicida subs. salmonicida strain A449 isolated from brown trout (Michel 1979) was obtained from the National Research Council of Canada (Halifax, NS). The bacteria were cultured in tryptic soy broth at 16°C for 48-72 h. Recombinant lectin binding to A. salmonicida experiments were performed as described (Brooks et al. 2003; Lillie et al. 2006; Young et al. 2007) , with minor changes. Briefly, 5 mL cultures of A. salmonicida were grown to an OD 600nm of approximately 0.8. The cells were washed three times with 1 mL TCS buffer, fixed with 1 mL 0.5 % formaldehyde in TCS, washed three times with TCS, and harvested by low-speed centrifugation (3,000g, 5 min). A. salmonicida cells were resuspended in 0.5 mL purified rSSL, in TCS or in medium as a negative control. The cell suspensions were incubated with rotation for 1 h at RT and washed twice in TCS. Bound rSSL was eluted from the bacterial pellet by re-suspension and 1 h incubation in 0.5 mL TBS plus mannose. Unbound rSSL sample, premannose wash, and mannose elution fractions were analyzed by SDS-PAGE and western blotting. Binding experiments were performed in duplicate.
Results
Expression of rSSL in S2 cells
Analysis of transient expression in Drosophila S2 cells of rSSL into the medium by western blotting using anti-SSL antibodies revealed a band of the expected molecular weight (*18 kDa; Fig. 1a ). Recombinant SSL was detected in the supernatant of induced S2 cells, but not in the supernatant of non-induced cells. These transient transfection results showed rSSL to be present in the supernatant, indicating that SSL was successfully produced and secreted. Stable cell lines were established to obtain a clonal cell line producing higher amounts of rSSL. A clone showing strong protein expression (Fig. 1b, lane 3) was chosen for large-scale rSSL production and it was adapted to serum free medium. To characterize the optimal induction conditions in serum free medium, transfected S2 cells were induced with various CdCl 2 or CoSO 4 concentrations. Maximal expression occurred with 3 lM CdCl 2 (Fig. 2) when measured at 4 days post-induction. Large-scale expression of SSL in the stable cell line resulted in the accumulation of secreted rSSL in the supernatant, as detected by western blot analysis using anti-SSL antibodies (Fig. 3) . Recombinant SSL expression was approximately 1.5 mg L -1 of culture medium, as indicated by the densitometry of western blot rSSL bands in comparison with standards of the same protein (data not shown).
Capture of rSSL from the supernatant Recombinant lectin was isolated from the medium by affinity binding to yeast cells followed by IMAC.
The recombinant lectin was not detected among the proteins eluted from the Ni 2? column detected by SDS-PAGE and silver staining, suggesting that it was a minor component; however, it was shown to be present by western blot analysis (Fig. 3) . Initial batchwise yeast affinity purification revealed that rSSL bound to the yeast cells along with a higher molecular mass contaminant (*34 kDa). Consequently, the partially enriched supernatant was subjected to ion exchange chromatography to separate it from the contaminant. The yield of captured rSSL as estimated by the intensity of western blot in comparison with known standards was approximately 1.4 lg L -1 of culture (Fig. 4) .
Characterization of rSSL
Although yeast binding was employed in purification of rSSL and expected to require functional binding to yeast surface carbohydrates, binding to a known natural ligand of SSL was evaluated as a more rigorous test of correct folding and normal functioning of the protein. Incubation of the rSSL with A. salmonicida and elution with mannose revealed effective and specific binding of this protein to the bacteria (Fig. 5 ).
In addition, the disulfide-mediated oligomerization of the Drosophila rSSL was compared with the E. coli rSSL by SDS-PAGE under denaturing, non-reducing conditions and western blotting (Fig. 6 ). The two rSSL preparations exhibited a laddering pattern under non- reducing conditions suggesting that they have the capacity to oligomerize below 200 kDa. The observed pattern of rSSL from Drosophila contained two smaller oligomers corresponding to predicted dimers and trimers.
Discussion
The Drosophila S2 insect cell line has been developed as a plasmid-based, inducible and non-lytic integration system for construction of stable transfected cell lines. It allows secretable expression in suspension cultures, Interaction of rSSL with A. salmonicida. Purified rSSL, TCS buffer or fresh insect cell culture medium were incubated with A. salmonicida, bacteria were washed and then bound materials were eluted using mannose. Samples (15 lL per lane) were subject to 15 % reducing SDS-PAGE followed by western blotting using anti-SSL antibodies. Lanes are (1) 15 lL purified rSSL, (2) 15 lL unbound rSSL, (3-4) 15 lL rSSL washes, (5) 15 lL rSSL mannose eluate, (6) 15 lL unbound TCS buffer, (7-8) 15 lL TCS buffer washes, (9) 15 lL TCS buffer mannose eluate, (10) 15 lL unbound culture medium, (11-12) 15 lL culture medium washes, (13) 15 lL culture medium mannose eluate. The arrow indicates cross-reacting rSSL protein and it is suitable for scale-up (Schneider 1972; Kirkpatrick et al. 1999) . It is currently recognized as one of the most promising systems for heterologous protein expression (Sorensen 2010) . The Drosophila S2 protein expression system has been successfully used to produce numerous complex recombinant proteins (Moraes et al. 2012; Cha et al. 2005; Torfs et al. 2000; Numao et al. 2003; Nilsen and Castellino 1999; Chaiken et al. 1995; Scotter et al. 2006; Southern et al. 1991; Culp et al. 1991; Johansson et al. 2007; Lim and Cha 2006; Perret et al. 2003; Yokomizo et al. 2007; Jorge et al. 2008) . In particular, the excellent yield obtained for the homologous srAFP, suggested the potential for strong expression of SSL (Scotter et al. 2006) .
To obtain large quantities of recombinant SSL, the lectin was expressed in stably transfected Drosophila S2 cells. Stable transfection also assures preservation of the cell line expressing the protein (Echalier 1997; Tan et al. 2000) . These cells expressed and secreted rSSL to the medium and the identity of the resulting rSSL was confirmed by western blotting using antiserum against native SSL. Yeast affinity was employed as a purification strategy to capture rSSL from very large volumes. Besides allowing purification of the rSSL, yeast binding was also expected to allow the separation of functional rSSL from inactive forms. Binding to mannan-rich yeast cells followed by elution with mannose suggested that the rSSL isolated was folded and functional. It appears likely that this process would exclude improperly folded rSSL unless it were to bind to the yeast in a non-specific fashion and then to be displaced by competition with mannose-eluted proteins. As a known biological role of rSSL is to bind the A. salmonicida bacterium, bacterial cell interaction was subsequently used to confirm the functionality of the expressed lectin.
Although rSSL was functional, the yield was low. In the current study, rSSL was expressed in serum-free medium to substantially reduce the amount of contaminating proteins during purification. Two previous reports have shown that the medium composition influences heterologous protein expression in Drosophila S2 cells (Hu et al. 2004; Park et al. 2008 ). Recombinant anosim-1 was more abundant in the presence of serum than in serum-free culture (Hu et al. 2004) . Similarly, the cultivation of stably transformed S2 cells using Hy Ò QSFX-insect MP medium approximately doubled the production of recombinant human ribonuclease/angiogenin inhibitor (Park et al. 2008) . Therefore, expression of rSSL in S2 cells might benefit from the use of alternative media. Other possibilities, including manipulation of the temperature for example, could also enhance production. Low temperature appears to hold promise for enhancing protein expression yields in mammalian cells (Al-Fageeh et al. 2006; Wulhfard et al. 2008) . Nonetheless, the production of rSSL as a secreted product in a eukaryotic expression system might remain difficult as a result of its function. The SSL is known to bind mannose, N-acetylglucosamine and related carbohydrates (Stratton et al. 2004 ; E. Uribe et al., manuscript submitted). Therefore, when expressed, the functional rSSL may bind to naturally occurring carbohydrates on the surfaces of the cells in culture, thereby causing agglutination or interfering with normal processes. This situation would effectively select for cells expressing the lowest levels of rSSL. It would therefore be interesting to determine whether the addition of specific carbohydrates to the medium during growth or other measures to impede potential cell recognition by the SSL might increase the proportion of cells with higher rSSL expression. This is the first report on the expression of rSSL in a stably transformed insect cell system, which has resulted in correctly processed and functional rSSL. Purified rSSL from S2 cells is biologically active, as evident by its pathogen-binding activity. Optimization of rSSL expression with the established S2 cell lines for higher expression yields could make this a convenient source of rSSL for structural studies. It will also be interesting to determine whether Drosophila cells present a valuable option for the expression of other fish proteins.
